Exaggerated cardiovascular responses to muscle contraction and tendon stretch in UCD type-2 diabetes mellitus rats.
INTRODUCTION
The onset of exercise evokes increases in heart rate (HR), myocardial contractility, and arterial vasoconstriction due to increasing sympathetic and decreasing parasympathetic activity. This, in turn, redistributes blood flow (BF) to working skeletal muscles and results in an intensity-dependent increase in blood pressure. Two main mechanisms are responsible for increasing sympathetic activity during exercise: namely, central command (10, 14) and the exercise pressor reflex (1, 35) . Furthermore, the arterial and cardiopulmonary baroreflexes play a modulatory role in these changes (11, 24) . Both metabolic and mechanical stimuli are produced during muscle contraction. Metabolic stimuli evoke the metaboreflex by stimulating primarily group IV afferent endings, whereas mechanical stimuli evoke the mechanoreflex by stimulating primarily group III afferent endings (26, 35) . Previous studies have shown that the exercise pressor reflex is exaggerated in cardiovascular-related diseases such as heart failure (36, 50) , peripheral artery disease (3, 47) , hypertension (2, 32) and type-1 diabetes (16) . Type-2 diabetes mellitus (T2DM) is also considered a cardiovascular-related disease, as individuals with T2DM are two-to fourfold more likely to die from a cardiovascular-related event than those without T2DM, an effect that, in turn, is associated with disease duration and severity (17, 51) . However, the effect of T2DM on the exercise pressor reflex remains incompletely understood.
Individuals with T2DM have exaggerated blood pressure responses to isometric and dynamic exercise, as well as attenuated vasodilatory responses to dynamic exercise. Several studies have shown that increases in blood pressure to both moderate and maximal intensity dynamic exercise are exaggerated in adolescents (41) , middle-aged adults (43, 44) , and older adults (38) with T2DM. Although these findings are categorized by age, the time of disease onset is difficult to pinpoint in humans and at this point remains a limitation in all T2DM studies examining cardiovascular changes throughout the progression of the disease. Other studies have shown that T2DM impairs vasodilatory capacity, which in turn leads to a reduced BF response to exercise (29, 31, 34) . Muscle ischemia is a potent stimulus of group III and IV muscle afferents (13) .
Thus, a reduced BF response to exercise could increase the activation of the exercise pressor reflex. Although these altered hemodynamic responses are evident in T2DM, the effects of T2DM on the reflexive control of circulation during exercise are not completely understood. Currently, the effects of T2DM on baroreflex control are inconclusive (8, 21) . However, a recent study reported that patients with T2DM had increased muscle sympathetic nerve activity (MSNA) and augmented blood pressure responses to isometric handgrip exercise, a response which was maintained during post-exercise occlusion, suggesting that the metaboreflex was exaggerated in patients with T2DM (20) . Although these studies suggest that the metabolic component of the exercise pressor reflex (i.e., metaboreflex) is altered in T2DM, it is not known whether the complete exercise pressor reflex (i.e., mechano-and metaboreflex activation together independent of central command) is altered in T2DM. Furthermore, studies have not examined the mechanoreflex in isolation in T2DM.
T2DM is a progressive disease where risks of complications are strongly associated with the severity and duration of hyperglycemia. Although there are many therapies aimed at glycemic control, none of these entirely prevents the progression of the disease (12) . Therefore, disparities often exhibited in human studies, (e.g., differences in age, disease severity, duration, complications, and medications) make it difficult to isolate the effects of T2DM on the reflexive control of the circulation. Furthermore, data are lacking on the effects of the progression of T2DM on the neural control of circulation. Diabetic peripheral neuropathy (DPN) is one of the most common complications in diabetes, increasing in severity as T2DM progresses (49) . DPN affects as many as 50% of patients with T2DM and is associated with significant decrements in quality of life and increased comorbidity (42, 49) . A common symptom of DPN is mechanical allodynia, which is characterized as sensitization of peripheral nerve endings, such as those on thinly myelinated group III (A-␦ fibers) afferents (27) and unmyelinated group IV (C-fibers) afferents (39) , causing pain to normally nonpainful mechanical stimulus. As previously mentioned, group III and IV muscle afferents are also responsible for evoking the exercise pressor reflex. Thus, it is likely that the effects of T2DM on these afferents may also alter the exercise pressor reflex throughout the progression of the disease.
The overall purpose of this study was to determine the effects of T2DM on the exercise pressor reflex at two different time points during the disease. We also sought to determine whether the mechanoreflex was exaggerated in the T2DM rats when an exaggerated exercise pressor reflex was present. We hypothesized that T2DM rats would have an exaggerated exercise pressor reflex compared with healthy nondiabetic rats and that this response would be further enhanced with the progression of the disease. Furthermore, we hypothesized that compared with nondiabetic rats, the mechanoreflex would also be exaggerated in T2DM rats when an exaggerated exercise pressor reflex was present.
MATERIALS AND METHODS
All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of The University of Texas at Austin. Adult male University of California Davis (UCD)-T2DM rats (n ϭ 16; body weight: 526 Ϯ 15 g) provided from the breeding colony of UCD-T2DM rats in the Department of Nutrition at UCD, and adult male Sprague-Dawley rats (n ϭ 23; body wt, 464 Ϯ 18 g;~5-7 mo old) from Charles River (Wilmington, MA) were used in these experiments. The UCD-T2DM rat model combines polygenic adultonset obesity and insulin resistance with inadequate islet function/␤cell compensation leading to the development of overt hyperglycemia/ diabetes over time with pathophysiology more similar to that in humans than other rodent models of T2DM (7, 30) . The rats were housed in a temperature-controlled room (24 Ϯ 1°C) with a 12-h:12-h light-dark cycle and fed a standard diet and tap water ad libitum. These rats did not receive any other treatment. Pressor responses were measured in UCD-T2DM rats at 21 (n ϭ 5) and 31 (n ϭ 5) wk following the onset of T2DM. It is important to note that we began the study with n ϭ 21 UCD-T2DM rats, and through the 21-31-wk-long progression of T2DM, we yielded~50% success rate with the pressor reflex studies. Furthermore, one rat did not develop hyperglycemia and was therefore excluded from the study. Biomarkers were measured on the same rats, as well as additional rats, like those used in the pressor reflex experiments.
Surgical preparation. On the day of the experiment, nonfasted rats were anesthetized with isoflurane gas (2-5%) in 100% oxygen. Body weight, blood glucose (Nova Biomedical, Waltham, MA), and HbA1c (PTS diagnostics, Indianapolis, IN) were assessed. Rats were considered diabetic if the nonfasted blood glucose level was Ͼ300 mg/dL and/or the HbA1c level was Ͼ6.5%. The trachea was cannulated, and the lungs mechanically ventilated (Harvard Apparatus, Holliston, MA). The right jugular vein and both common carotid arteries were cannulated (PE-50) for fluid and drug delivery and blood pressure measurement, respectively. Although both carotid arteries were cannulated, the aortic baroreflex was undisturbed and remained fully functional. One carotid arterial catheter was connected to a pressure transducer (CWE DTX-1, Ardmore, PA). HR was calculated beat by beat from pulsatile blood pressure using Spike2 software (CED, Cambridge, UK). In all rats, the sciatic nerve was surgically isolated and a stimulating electrode was placed underneath it for evoking a muscle contraction. The hindlimb muscles of the left leg were exposed. The calcaneal bone of the same leg was severed, and the Achilles tendon was attached to a force transducer (model FT-03, Grass Instruments, West Warwick, RI) that was connected to a rack and pinion. For some rats, an ultrasonic flow probe (Transonic Systems, Ithaca, NY) was placed around the left popliteal artery, which supplies the triceps surae muscles, to measure BF. Arterial PCO 2 and pH were measured using an automated blood-gas analyzer (Nova Biomedical, Waltham, MA) and were maintained within normal range by either adjusting ventilation or by intravenous injection of sodium bicarbonate (8.5%). Body temperature was measured using a rectal temperature probe and maintained between 36.5 and 38°C with a heating plate and lamp.
Each rat was placed in a Kopf stereotaxic frame, and spinal clamps were placed on the rostral lumbar vertebrae. The pelvis was stabilized using customized metal spikes clamped below the iliac crest. Dexamethasone (2 mg/mL; 0.2 mL) was injected intravenously to prevent excessive swelling in the brain, and a precollicular decerebration was performed. All neural tissue rostral to the section was removed. Bleeding was controlled, and the cranial vault was filled with gauze. Immediately after decerebration, gas anesthesia was discontinued, and the rat was allowed to stabilize for at least 1 h before any experimental protocol began (45) .
Experimental protocol. Before contraction, the Achilles tendon was stretched so that baseline tension was set between 90 and 100 g for at least 30 s. Static contraction of the hindlimb muscles was evoked by electrically stimulating (40 Hz; 0.01 ms; Յ2 times motor threshold; for 30 s) the isolated sciatic nerve. After statically contracting the hindlimb muscles, 0.5 mL pancuronium bromide was injected intravenously to paralyze the rat, and the sciatic nerve was again stimulated using the same parameters as those used to contract the hindlimb muscles. This was done to ensure that the pressor response seen during static contraction was not a result of direct electrical activation of the axons of thin fiber afferents in the sciatic nerve. If no pressor response was seen when stimulating after paralyzing the rat, it was concluded that the pressor response was solely evoked from the muscle contraction, and only then were the data included. After control measures were taken (~10 min), the Achilles tendon was stretched so that baseline tension was set between 90 and 100 g for at least 30 s. To test the contribution of the mechanoreflex, a static tendon stretch was performed by rapidly turning the rack and pinion and stretching the triceps surae muscles for 30 s (54) .
Blood sampling and analysis. Following the experiments, whole blood was drawn from the carotid artery into a serum separator vacutainer tube. Blood was allowed to clot at room temperature for 30 min, centrifuged for 15 min at 1,000 g, and then the serum was aliquoted into tubes and frozen at Ϫ80°C for subsequent batch analyses. A rat multiplex kit (RADPKMAG, EMD Millipore, Burlington, MA) was used to determine insulin and leptin in the aliquoted samples. Standards, controls, and samples were added, in duplicate, to 96-well plates and analyzed according to the manufacturer's recommendations. Plates were then read using a Luminex 200 (Luminex, Austin, TX) to determine mean fluorescent intensity for each well. Five-parameter logistic regression was used to construct a standard curve, which was then used to calculate control and sample unknown concentrations. R 2 for the standard curves ranged from 0.999 to 1, all controls were within the range supplied by the manufacturer, and coefficient of variation between sample duplicates averaged Ͻ5%. According to the manufacturer, there is no cross-reactivity between the antibodies for insulin and leptin, which were supplied in the same kit. The minimum detectable concentration for insulin is 14 pg/mL and leptin 3.1 pg/mL. The intra-assay precision (%CV) for insulin and leptin is Ͻ10%. The inter-assay precision (%CV) for insulin and leptin is Ͻ15%.
Data analysis. Mean arterial blood pressure (MAP) and HR are presented as means Ϯ SE. MAP (mmHg), HR (beats/min), popliteal BF (mL/min) and muscle tension (g) were recorded continuously with a Spike2 data acquisition system and stored on a computer hard drive (Dell). Vascular conductance was calculated by dividing popliteal arterial BF by MAP. Mean BF and vascular conductance were calculated by averaging second-by-second percent change from baseline, normalized to baseline, during 30 s of muscle contraction. The tension-time index (TTI, kg·s) was calculated by integrating the area between the tension trace and the baseline level. All variables were compared among the three groups. Data were analyzed using one-way analysis of variance (ANOVA), as only one independent variable (group) was used for each dependent measurement. Holm-Sidak's post hoc tests were used for all pairwise comparisons when a significant interaction was detected. Changes in MAP in response to stretch, plotted over time, were analyzed using a two-way ANOVA with Holm-Sidak's post hoc test. Baseline MAP, HR, and BF were analyzed using one-way ANOVAs to detect differences among groups. GraphPad Prism 7 Software (La Jolla, CA) was used for statistical analyses. The criterion level of significance was P Յ 0.05.
RESULTS
Biomarkers. All T2DM rats developed diabetes between 13 and 17 wk of age based on their nonfasted blood glucose levels. Plasma insulin concentrations (nonfasted) were significantly greater in nondiabetic rats (1.15 Ϯ 0.17 ng/mL, n ϭ 10) than in the 21-wk (0.18 Ϯ 0.02 ng/mL, n ϭ 7) and the 31-wk (0.47 Ϯ 0.09 ng/mL, n ϭ 6) T2DM rats, suggesting ␤-cell decompensation led to impaired insulin secretion in UCD-T2DM rats compared with nondiabetic control rats (P Ͻ 0.01). Likewise, plasma leptin concentrations were significantly greater in the nondiabetic rats (2.76 Ϯ 0.16 ng/mL, n ϭ 9) compared with the 21-wk (0.66 Ϯ 0.23 ng/mL, n ϭ 7) and the 31-wk (0.64 Ϯ 0.15 ng/mL, n ϭ 6) T2DM rats, suggesting that T2DM rats produced significantly less leptin than nondiabetic rats (P Ͻ 0.01). This has previously been shown in UCD-T2DM rats with disease progression and is most likely because insulin is a major regulator of leptin production by adipocytes (7, 19) .
Baseline measurements. Body weight, blood glucose, and HbA1c for all rats included in the reflex experiments are shown in Table 1 . Body weight was similar between groups (P Ͼ 0.05). As expected, both T2DM groups had significantly elevated blood glucose and HbA1c levels compared with the nondiabetic rats (P Ͻ 0.05). Baseline MAP, HR, and BF before muscle contraction and baseline MAP and HR before tendon stretch are reported in Table 2 . Before static contraction, baseline MAP was similar in the 21-and 31-wk T2DM rats compared with nondiabetic rats (P Ͼ 0.05). Baseline HR, however, was significantly lower in both groups of T2DM rats compared with nondiabetic rats, and lower in the 21-compared with 31-wk T2DM rats (P Ͻ 0.05). Before statically stretching the Achilles tendon, baseline MAP and baseline HR were similar in the 31-wk T2DM rats compared with nondiabetic rats (P Ͼ 0.05). Before static contraction, baseline BF was significantly greater in the 21-wk (P Ͻ 0.05) but not in the 31-wk (P Ͼ 0.05) T2DM rats compared with nondiabetic rats. Similarly, baseline vascular conductance was significantly greater in the 21-wk (P Ͻ 0.05) but not in the 31-wk (P Ͼ 0.05) T2DM rats compared with nondiabetic rats.
Static muscle contraction. The peak pressor response to static contraction was significantly greater in the 31-wk (n ϭ 5) but not in the 21-wk (n ϭ 5) T2DM rats compared with the nondiabetic rats (n ϭ 8; Fig. 1A , P Ͻ 0.05). The pressor response to static contraction was significantly greater in the 31-compared with the 21-wk T2DM rats (P Ͻ 0.05). The peak cardioaccelerator response to static contraction was not significantly different in either 21-or 31-wk T2DM rats compared with nondiabetic rats, or between 21-and 31-wk T2DM groups ( Fig. 1B , P Ͼ 0.05). Developed tension during static contraction was similar between groups ( Fig. 1C, P Ͼ 0.05) . In all experiments, injecting pancuronium bromide into the jugular vein abolished the pressor response to electrical stimulation of the sciatic nerve using the same parameters as those before paralyzing the rat. This confirms that the pressor responses were reflex in origin and were evoked by the contraction of the hindlimb muscles.
Static tendon stretch. The peak pressor response to tendon stretch was significantly greater in the 31-wk T2DM rats (n ϭ 5) compared with the nondiabetic rats (n ϭ 5; Fig. 2A , P Ͻ 0.05). Furthermore, the peak cardioaccelerator response to static tendon stretch was significantly greater in the 31-wk T2DM rats compared with the nondiabetic rats ( Fig. 2B , P Ͻ 0.05). Developed tension during static contraction was not significantly different between groups (Fig. 2C , P Ͼ 0.05). We analyzed changes in blood pressure in 5-s intervals during the 30 s of tendon stretch (Fig. 3, A and B) and found a significant interaction between group and time (P Ͻ 0.05). Specifically, the pressor response to tendon stretch was significantly greater in the 31-wk T2DM rats beginning at second 5 (Fig. 3A) . No significant interaction was found for the cardioaccelerator response over time (data are not shown); however, a main effect of treatment was detected (P Ͻ 0.05). Developed tension was similar between groups ( Fig. 3B, P Ͼ 0.05) .
Blood flow. The percent change in BF from baseline during 30 s of contraction is plotted second by second for 21-wk T2DM (n ϭ 5), 31-wk T2DM (n ϭ 5), and nondiabetic (n ϭ 5) rats to show the temporal changes in BF for each group (Fig.  4A ). To determine whether BF was, on average, different between T2DM and nondiabetic rats, the data were averaged and then compared. We found that statically contracting the hindlimb muscles evoked a significant increase in mean BF (Fig. 4B) in the 31-but not in the 21-wk T2DM rats compared with nondiabetic rats (P Ͻ 0.05). Moreover, the increase in mean BF in the 31-wk T2DM rat was significantly greater than that in the 21-wk T2DM rat (P Ͻ 0.05). Likewise, statically contracting the hindlimb muscles evoked a significant increase in vascular conductance in the 31-wk (75 Ϯ 12%) but not in the 21-wk (18 Ϯ 4%, P ϭ 0.4) T2DM rats compared with nondiabetic rats (8 Ϯ 4%); P Ͻ 0.05. Moreover, the increase in vascular conductance in the 31-wk T2DM rats was significantly greater than that in the 21-wk T2DM rats (P Ͻ 0.05).
DISCUSSION
The primary aim of this study was to determine the effects of T2DM and the role of disease progression on the exercise pressor reflex. We also aimed to determine the role of the mechanoreflex in causing these effects. We found that the expression of the exercise pressor reflex changed with the progression of T2DM. Specifically, 31-wk T2DM rats had an exaggerated exercise pressor reflex compared with 21-wk T2DM and nondiabetic rats. In contrast, the 21-wk T2DM rats did not have an exaggerated exercise pressor reflex compared with nondiabetic rats. A secondary aim was to determine whether the mechanoreflex was exaggerated in the T2DM rats when an exaggerated exercise pressor reflex was present. Consistent with our hypothesis, we found that the mechanoreflex is exaggerated in the 31-wk T2DM rats, suggesting that the mechanoreflex may play a significant role in the exaggerated exercise pressor reflex. We also determined changes in BF to the working skeletal muscle and, surprisingly, found that mean BF to the working muscle was greater in the 31-but not in the 21-wk T2DM rats compared with nondiabetic rats. Collectively, these findings suggest that the expression of the exercise pressor reflex changes as T2DM progresses. Furthermore, a sensitized mechanoreflex may play a role in exaggerating the exercise pressor reflex as T2DM progresses.
The exaggerated exercise pressor reflex found in T2DM rats is similar to findings from previous studies where patients with T2DM had an augmented blood pressure response to exercise (25, 40, 43, 44) . However, the underlying mechanisms for this exaggerated response are not fully understood. We do know that patients with T2DM have a higher level of MSNA at rest, with and without the presence of essential hypertension (22) . These individuals are also at an increased risk of cardiovascular disease and mortality (4) . However, given the well-documented exaggerated blood pressure response to exercise and the elevated MSNA at rest, there are surprisingly few studies investigating potential underlying mechanisms for these alterations. The recent study by Holwerda et al. (20) provided critical insight to potential underlying neurovascular changes. The study found that patients with T2DM had an augmented metaboreflex, suggesting that the metabolic component of the exercise pressor reflex was sensitized and contributes to exaggerated MSNA and pressor response to isometric handgrip exercise. Interestingly, the MSNA response during metaboreflex activation was also correlated with plasma glucose, HbA1c levels, and insulin resistance (HOMA-IR), suggesting that the expression of these responses may change as a result of disease severity (20) . The current study supports these findings in that the exercise pressor reflex was exaggerated only after plasma glucose and HbA1c levels were high and sustained for an extended period of time.
Recently, Kim et al. (28) determined that the exercise pressor reflex was exaggerated in high-fat diet, low-dose streptozotocin-induced T2DM rats. Although different T2DM rat models were used, findings from Kim et al. are in agreement with those from the current study. We also expanded these findings by determining that the mechanoreflex was also exaggerated in T2DM. Unlike Kim et al., we stimulated the sciatic nerve to evoke muscle contraction, whereas they stimulated L4 and L5 ventral roots, which could explain the smaller developed tension and pressor responses to static contraction in the current study. Furthermore, we were able to track and follow the development and progression of T2DM. We determined disease onset and related changes in the exercise pressor reflex, at two different time points, to how long the rats were diabetic. We know that T2DM progresses over time, and our findings suggest that the progression of T2DM, and not necessarily the onset or early stages of T2DM, leads to an exaggerated spike in blood pressure during physical activity that could result in adverse cardiovascular events.
We found that the mechanoreflex was exaggerated in T2DM rats, which is consistent with other reports showing an altered mechanoreflex in cardiovascular-related diseases such as hypertension (32) , heart failure (23, 46) , peripheral artery disease (33) , and type-1 diabetes (15) . Although we did not measure sympathetic activity in this study, it is likely that the exaggerated pressor and cardioaccelerator responses to tendon stretch are primarily mediated through an increase in sympathetic activity to the heart and vasculature (9, 53) . Furthermore, we did not attempt to elucidate any underlying mechanisms con-tributing to the sensitization of the mechanoreflex. Future studies are warranted to elucidate potential underlying mechanisms to further explain the role of the mechanoreflex and metaboreflex in T2DM.
Group III and IV thin fiber afferents are polymodal sensory afferents that respond to both metabolic and mechanical stimuli produced during muscle contraction. Previous studies have suggested that group III and IV afferents play a significant role in the development of mechanical allodynia (18) as well as the exercise pressor reflex (26) . For example, in patients with neuropathic pain, a peripheral nerve block (lidocaine) successfully attenuated pain sensation by attenuating group III and IV thin fiber afferent activity (18) . Other studies have shown that DPN, which also affects group III and IV afferents, develops in stages. Similar to the current study's findings, these symptoms generally worsen as the disease progresses (52) . In another study, using a mouse model of T2DM, nerve growth factor, which mediates nociception through group III and IV thin fiber afferents, increased with nerve sensitization and the manifestation of mechanical allodynia (5) . Similarly, nerve growth factor has been found to play a role in mediating the exaggerated exercise pressor reflex in peripheral artery disease (33) . Both peripheral artery disease and hypertension are prevalent in individuals with T2DM, and this prevalence increases with age and disease severity. Therefore, it may also be reasonable to consider that overlap in the pathology of these diseases may be responsible for the exaggerated cardiovascular responses to exercise in T2DM, although peripheral artery disease was not determined in the current study.
We were also interested in whether the exaggerated exercise pressor reflex seen in T2DM rats was due to a decrease in BF, causing an ischemic state during contraction and potentially stimulating group III and IV muscle afferents. Based on several studies showing an attenuated BF response to exercise in T2DM (29, 31, 34) , we expected BF to the contracting muscle to be impaired in T2DM rats compared with healthy nondiabetic rats. Surprisingly, we found that mean BF responses to isometric contraction were greater in the 31-wk rats compared with that in the nondiabetic rats. This finding suggests that impaired macrovascular BF during exercise was not responsible for the exaggerated reflex. However, we then determined whether the pressor response in 31-wk T2DM rats during static contraction was driving the increase in BF. To do this, we calculated vascular conductance and found that the exaggerated pressor response in the 31-wk T2DM rats was not the sole stimulus for increased BF.
Although the BF response in the 31-wk T2DM rats was somewhat surprising, no studies at this time have reported changes in popliteal BF during static contraction in the later stages of T2DM. We can only speculate possible explanations for increased BF, which include impaired vascular tone (37, 48) , loss of sympathetic control (48) , and impaired vasoconstriction via endothelin 1 (37) . Another explanation for these findings is that this study determined changes in BF during muscle contraction in untreated T2DM rats, while most human studies investigating similar effects use treated patients with T2DM. Although our findings were different from those found in human studies, they do align with that of Copp et al. (6) , who found a greater BF response, specifically to fast-twitch glycolytic fibers, in T2DM rats compared with healthy controls. Future H484 EXERCISE PRESSOR REFLEX AND T2DM studies are warranted to determine the mechanisms behind increased BF to the contracting skeletal muscle in T2DM.
The current study measured insulin and leptin concentrations to validate the UCD-T2DM rat model and ensure that these rats developed T2DM as expected. We found that both insulin and leptin concentrations were decreased in both groups of T2DM rats compared with nondiabetic controls. This suggests that the progression of the disease led not only to impaired insulin action but also to ␤-cell deficiency. Insulin concentrations were measured in nonfasted rats, which could explain some of the variability within these measurements. These findings are similar to those shown in the study by Cummings et al. (7) , where circulating insulin levels increased at the onset of diabetes but decreased as the disease progressed. Leptin production, which is positively regulated by insulin-mediated glucose metabolism in adipocytes (19) , was decreased along with insulin in the T2DM rats compared with nondiabetic control rats. This finding is similar to that reported by Cummings et al. (7) where leptin concentrations were normal before rats became diabetic and then decreased over time as rats progressed with the disease.
It should be noted that small sample sizes were used in this study. The current study was limited in the number of rats that reached 21 and 31 wk following the onset of T2DM. Although the pressor responses to static contraction in the 31-wk T2DM rats were largely greater than that in both the nondiabetic and 21-wk T2DM rats, it is important to note that a larger sample size in the 21-wk T2DM rats may have resulted in a statistically greater pressor response to static contraction than that in nondiabetic rats. However, with the assumption that the mean pressor response would be similar, 21-wk T2DM rats would still only have~6 mmHg greater response to contraction than the nondiabetic rats. More importantly, even if greater responses were found, the exaggerated pressor response evoked in the 31-wk T2DM rats (~39 mmHg) would still likely be substantially greater than the response seen in the 21-wk T2DM rats. Therefore it is not likely that a larger sample size would better emphasize the temporal effects of T2DM on the exercise pressor reflex as it progresses over time.
We conclude that the expression of the exercise pressor reflex changes with the progression of T2DM. Although HbA1c measurements were not different between groups of T2DM rats, findings from this study suggest that the duration of the disease (21 vs. 31 wk) played a role in exaggerating the reflexive cardiovascular responses to exercise. Furthermore, this alteration is likely due, in part, to a sensitized mechanoreflex, as evidenced by the exaggerated pressor and cardioaccelerator responses to tendon stretch in the same group of rats that had an exaggerated exercise pressor reflex. Contrary to our hypothesis, we did not observe impaired BF to the contracting skeletal muscle in T2DM rats, suggesting that the exaggerated pressor responses to muscle contraction were not due to the lack of macrovascular perfusion. These findings strongly suggest that the exercise pressor reflex is indeed partly responsible for evoking the exaggerated blood pressure responses seen in T2DM, and the mechanoreflex may be an important mediator of this response. Unlike studies performed in humans, the current study was able to identify the time of disease onset and isolate the exercise pressor reflex in the absence of central command. Moreover, these findings are clinically relevant as they provide new insight into neural mechanisms that contribute to the adverse cardiovascular responses in T2DM to physical activity.
